Abstract A study of the production of odour-causing compounds was conducted from the leaching of polyvinylchloride (PVC) pipe and its joints, primer and cement, into drinking water distribution systems. Flavour Profile Analysis (FPA), closed-loop stripping analysis -gas chromatography/mass spectrometry (CLSA-GC/MS) and sensory-GC analysis of white or grey PVC alone found no odour-causing compounds produced during the leaching experiments. FPA analysis of the PVC's primer and cement leached alone and/or when applied to grey or white PVC pipes produced a glue/varnish odour. A sweet/phenolic odour replaced the glue/varnish odour after the leached media were diluted with Milli-Q water to threshold odour intensity. Three compounds were responsible for the sweet/phenolic odour and were observed by sensory-GC analysis. The leaching study of the PVC pipe with its joint solvents (primer and cement) concluded that the original solvent compounds, and their reaction products that formed during the bonding process on the PVC pipe, were a primary source of the glue/varnish odour. The original compounds of the PVC primer and cement were not detected by CLSA-GC/MS, due to their high volatility during the CLSA extraction method and/or these compounds appeared in a solvent peak of the GC/MS analysis. However, the original primer and cement chemicals (acetone, tetrahydrofuran, methyl ethyl ketone, and cyclohexanone) had a glue/varnish odour. A total of nine odorous GC peaks were produced as reaction products from leaching of primer in water and white or grey PVC pipe with primer and cement, and white or grey PVC with primer only. None of these compounds were among the chemical ingredients in the original primer or cement. Four GC peaks with a sweet/phenolic odour were present due to the reaction products of the cement leached with white or grey PVC. None of these compounds were positively identified.
Introduction
Today, PVC pipe is widely used in water distribution systems because of its low cost, ease of installation, high chemical resistance and excellent mechanical performance. A potential problem with PVC pipe is that there exists the possibility that odour-causing organic compounds from the pipe, and its primer and cement used to join the pipe, may leach into the drinking water and may result in odour problems. It is usually difficult to pinpoint the localised and transient odours generated by these materials. Odour episodes usually occur for a brief period (usually within a week) in areas disturbed by maintenance projects or new construction. By the time the complaints are logged and investigated, the causative compounds are not easily detected.
PVC pipe is a rigid pipe manufactured by an extrusion process. Fittings are made by a molding process. PVC pipe is available in diameters up to 36 in (91.4 cm); lengths of 20-40 ft (6.1 -12.2 m), with various types, grades and pressure ratings. Pipe is connected by a solvent-cement joint or by a bell-and-spigot push-on joint. Solvent cement joints are made by spreading a combination of primer and cement on the surfaces to be joined. Solvents react chemically by dissolving the surface of the pipe and fitting. The two components are put together while wet. After drying, the two components are fused into a homogeneous mass, producing a leak-proof joint. Sources of unpleasant odours may result from the aqueous leaching and permeation of the chemicals used to join the pipe. The organoleptic properties associated with the connection of two pipes are solvent, medicinal, gasoline, and plastic odours (Burlingame and Anselme, 1995) . Open jars of PVC pipe joint solvents have similar odours. Therefore, PVC primer and cement joint solvents were tested as contributing factors to odour problems in water distribution system. PVC pipe alone can contribute to odour problems. This occurs by leaching of the pipes or by dissolution of the polymer additives within the pipe by oxidation of the internal surface of pipe during extrusion, dissolution of the resulting polar compounds during contact with water (Mallevialle and Suffet, 1987) .
The objective of this study was to help define the contribution to odour problems in water distribution systems from white and grey PVC pipe, and its primer and cement joint solvents alone and in combination. The study involved designing testing protocols for off-odours, useable by water utilities to determine the suitability of white and grey PVC pipe and its joint solvents (primer and cement), characterisation of odours produced from the materials, and odour identification with verification of the odour-causing compound(s), if possible.
Methods
Protocol for leaching of PVC pipe and its primer and cement White and grey PVC pipe, PVC pipe Primer-IWELD· ONe P-68 Purple Primer (IPS Corp., Compton, California, USA.) and PVC Cement-Red Hot Blue Gluee (T. Cristy Enterprises, Orange, California, USA.) were analysed for production of odours in drinking water under the worst water quality conditions that could cause the most leaching. The parameters for water quality conditions were chosen on the basis of a practical worst case situation. All leaching experiments were performed at room temperature (20^5 8C), saturated with dissolved oxygen and the pH of the experimental water (Milli-Q) was adjusted to 6.5 with 0.1 M HCl or 0.1 M NaOH. Sodium chloride (NaCl) was used to achieve 500 mg/L of total dissolved solid (TDS) in experimental water. The selected parameters are typical concentrations of total dissolved solids and oxygen (8 mg/L) that occur in drinking water; however, the free chlorine concentration was higher and the pH was lower then usually observed. The most acidic pH (6.5) found in drinking water was used, as this is generally the most corrosive water quality condition. Leached samples were analysed on the 2nd and 7th days of the experimental runs since consumer complaints usually occur within 7 days after new pipe installation.
PVC pipe was cut with a hacksaw into 6.4 £ 7.6 £ 1.27 cm pieces. The PVC pieces were submerged in the Milli-Q water at pH 7.0 with a free chlorine concentration of 20 mg/L for 24 h for cleaning and disinfection purposes. The pipes were subsequently rinsed three times with Milli-Q water and one time with fresh test water. Immediately after the pretreatment, the pieces were submerged in fresh test water in dark glass containers and leached with 2.7 mg/L of free chlorine for 2 and 7 days. All glassware used in the experiment was cleaned by acid-washing for 24 h in an acid bath (10% HNO 3 ), rinsed with Milli-Q water and oven-dried.
White and grey PVC pipe were leached with and without the cement and/or the primer. Seven experimental set-ups were employed for each pipe (Figures 1 and 2 ). After 2 and 7 days of leaching, experiments were analysed for odours by the Flavour Profile Analysis, and for water quality (TDS, pH, dissolved oxygen, free chlorine, DOC, UVA 254 and water temperature). Blank and control were run for white and grey PVC pipe. Blank leaching experiments consisted only of the leaching medium (Milli-Q water) and control
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experiments consisted of everything except the PVC pipe and/or its joint solvents (primer and cement).
Water quality analyses
Analyses for dissolved oxygen, pH, conductivity, dissolved organic carbon (DOC) and UVA 254 were performed according to Standard Methods 4500C, 2510B, 5310, 2320 and 5910, respectively (APHA, 1998). Sodium hypochlorite (5% NaOCl) was used to attain 2.7 mg/L free chlorine concentration in the water. The DPD ferrous titrimetric method 94500-Cl (APHA, 1998) was used for the free chlorine analysis. DOC samples were analysed by the UV/persulphate oxidation method (APHA, 1998) using an organic carbon analyser (Dohrmann, Model 180; Tekmar-Dohrmann, Cincinnati, Ohio, USA). DOC is defined by a filtration step involving a pre-washed 0.45-mm nylon membrane filter. CLSA-GC/MS and GC sensory analyses (APHA, 1998) were performed after 7 days of leaching.
Closed-loop stripping analysis (CLSA)
The closed-loop stripping analysis (APHA, 1998) technique was used for extraction because it selectively isolated the volatile non-polar fraction of the organic compounds present in the water samples. This included compounds with organoleptic properties. For this study, the temperature of the water bath was increased from 25 to 45 8C, and the temperature of the carbon trap was raised from 45-50 to 60 8C. Also, 50 g of sodium chloride was added to every 1-L sample of water in the salting-out process.
Flavour-profile analysis (FPA)
FPA was used routinely in this study to describe the sensory characteristics of all water samples. In FPA, a trained panel evaluates the overall odour qualities of water. The perceived organoleptic qualities are given a qualitative descriptor and a seven-point scale intensity rating. FPA is a sensory testing method by which a panel of trained analysts evaluates the odour characteristics of a water sample (APHA, 1998). Characteristics that have been reported by more than 50% of the panel are called "descriptors". Their intensity is based on the average of the intensities reported by individual panelists. "Other notes" are characteristics that are reported by less than 50% of the panel. No intensity is assigned to "other notes". The following seven-point intensity scale was used in this study: 1 ¼ threshold, 2 ¼ very weak, 4 ¼ weak, 6 ¼ weak to moderate, 8 ¼ moderate, 10 ¼ moderate to strong, 12 ¼ strong. During these tests, the selected water samples were dechlorinated with sodium thiosulphate. The odour test temperature was 25 8C.
Gas chromatography -mass spectrometry analysis (GC/MS)
The GC/MS analysis was performed to identify the chemicals extracted by CLSA (Khiari et al., 1992) . GC/MS analysis was conducted on a Hewlett-Packard 5890 GC equipped with mass-selective detector (MSD), Model 5970. The system was set with two on-column injectors and two identical capillary DB-5 columns of 48 m. A 1-uL sample was injected in the on-column mode. The GC columns were switched every other month between MS detector and olfactory port to test for column integrity. The GC temperature program was set at 40 8C for 8 min, 4 8C/min to 150 8C, then 30 to 270 8C for 8 min. GC/MS identification was primarily based upon the database system of the MSD. A tentative identification of a compound was considered to occur when the data system indicated a percent identification above 70%. Any identification less than 70% was considered to be a less reliable identification. Column bleed identification was indicated for all compounds containing silyl groups or was described as a silane.
Sensory-GC analysis
Sensory-GC analysis was performed to identify the odours of compounds that were evaluated by GC/MS (Khiari et al., 1992) . Sensory-GC analysis quality assurance was performed once a week for calibration of the olfactory port. A detailed description of the sensory GC procedure can be found in Khiari et al. (1992) . Sensory-GC and GC/MS have been able to evaluate FPA data when the FPA intensity of odour is above 4.0 on the seven point FPA intensity scale. Intensities of the odours eluting from the gas chromatograph were rated on a 5-point scale: 1-threshold, 2-very weak, 3-weak to moderate, 4-moderate to strong, and 5-strong.
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Results and discussion Odour analysis of PVC pipe leached alone CLSA-GC/MS, GC-sensory and FPA data indicated that no odours were produced from the leaching of the white or grey PVC pipe under the harshest water quality conditions (Figures 1 and 2 ). The exposed crosscut surfaces from cutting the PVC pipe and internal walls of the pipe did not leach odour-causing compounds. The FPA panel identified a sweet/earthy odour with a chalky characteristic in the controls, blanks, and white or grey PVC pipe leached alone (Figures 1 and 2) . No odour was observed from the GC-sensory port for the controls, blanks and white or grey PVC pipe water samples. The GC/MS chromatograms were identical for the controls, blanks and white or grey PVC pipe. The propionic acids and other compounds identified in the blank water were apparently related to the Milli-Q water system that was used. The chalky odour was from the ground glass stoppers. Figures 1 and 2 contain results for a blank and a control. Thus, leaching of white or grey PVC pipe alone should not contribute to odour problems in a water distribution system.
PVC pipe leached in the presence of primer and cement
The PVC pipe's primer and cement container labels indicated that the following constituents were present in these products: primer-acetone, tetrahydrofuran, methyl ethyl ketone and cyclohexanone; cement-acetone, tetrahydrofuran, methyl ethyl ketone, methylpyrolidone and PVC resin. Figures 1 and 2 show that the primer's and cement's odour intensities reached the same odour levels of 6 -7 after 7 days of leaching. Water with cement was not studied as the cement is never applied before the primer and the primer and cement have similar chemical composition (acetone, methyl ethyl ketone, tetrahydrofuran and cyclohexanone) except for the addition of PVC resin and methylpyrolidone. PVC resins are not soluble in water and the study looked at the soluble part of these solvents. The free chlorine analysis indicated that the chlorine residual decreased from 2.7 to 0.6-0.8 mg/L in the presence of primer and/or cement after the 7 days of contact.
The FPA odour panel identified that open jars of the primer and cement have the same glue/varnish odour as the pipe with the primer or/cement after 7 days of leaching. Figures 1 and 2 show that the glue/varnish odour intensities for four experimental set-ups (pipe þ primer; pipe þ cement; pipe þ cement þ primer; water þ primer) varied from 6.4 to 7.6. After dilution of all leached samples with a glue/varnish odour to the threshold odour, the samples produced a sweet phenolic odour. Acetone and methyl ethyl ketone have sweet odours with fruity and sharp characters (Mallevialle and Suffet, 1987) . The GC/MS chromatograms of the primer and cement dissolved in methylene chloride showed the presence of cycloheptane with a retention time of 20 min. The GC/MS of the dissolved cement showed methylpyrolidone as 1-methyl-2-pyrolidone (retention time 27 min, 86% tentative identification or matching quality of MS software) and 2-methyl cyclopentanone (retention time 20 min, 78% tentative identification or matching quality of MS software).
Some compounds, listed as ingredients of the PVC pipe's primer and cement (methyl ethyl ketone, acetone and tetrahydrofuran) were not observed by the CLSA-GC/MS method. This is because these compounds are more volatile compounds than the CLSA method can isolate and/or these compounds appear in the solvent peak of the GC chromatographic analysis and could not be analysed by the GC/MS method. Cyclohexanone was not identified by GC/MS because it was apparently involved in chemical bonding during PVC joint solvent application. Thus, reaction products were possible.
A solvent joint for PVC pipe is made by spreading a combination of primer and cement on the surfaces to be joined. PVC's primer and cement react chemically by dissolving the surface of the pipe to fuse the two pipes together. Therefore, some chemicals might be formed as a result of the fusing process. Sensory-GC analyses for the Criteria -GC/MS ID range of greater than 60% is considered a tentative match of identities that should be confirmed by the retention time and spectra of the compound K.E. Wiesenthal and I.H. Suffet leaching experiments are shown in Table 1 . No chemicals were found during the leaching with PVC alone. Possible reaction products of the PVC leached with primer and/or cement were found. Some of these compounds were tentatively identified by GC/MS associated with the odours of the FPA panel evaluation of the primer and cement in water solution, i.e. sweet, sweet/phenolic and medicinal. Table 1 indicates that the primer and cement were responsible for the production of a total of nine odour compounds. Four of these compounds had a sweet/phenolic odour to the GC peaks. These four compounds were tentatively identified as 2-octanoic acid, methyl ester; acetamide,2-(2,4-dichlorophenoxy)-N,N-dimethyl; cyclohexanol, 4-(1,1-dimethyl); cyclopentanone, oxime (Table 1) , but with very low percent mass spectra matches (, 46%). Thus, although there are reactions products caused by spreading the primer and cement, the actual chemicals leached could not be determined. Therefore, CLSA-GC/MS, sensory-GC and FPA data of the white and grey PVC pipe leached with primer only indicates that the original primer and cement chemicals (acetone, tetrahydrofuran, methyl ethyl ketone, and cyclohexanone) and the four other tentatively identified compounds with sweet/phenolic or sweet odours (Table 1) contributed to the high FPA panel intensity of six for the glue/varnish odour. It should be noted that the area coverage of the pipe with the cement and/or primer was between 0.04 to 0.10 g/cm 2 . The conditions that were used to coat the pipe might cause a greater or lesser amount to be applied that is actually applied in the field. There is no control over how much solvent gets into the distribution system because the installation instructions do not indicate how much of the solvent and cement should be applied in order to achieve a sufficiently strong joint between the pipes. The instructions state that solvent, cement and primer shall be applied deliberately, but without delay. Therefore, the concentration of the cement and primer in the water distribution system depends on the size of the joints and on the quantity of the solvents applied. The Piping Handbook (Nayyar, 1992) illustrates in greater detail such solvent-cement joints for plastic pipe. It can be concluded that contamination of the water by the primer and cement, and their reaction with the pipe, produces compounds that enter the water distribution system if the solvents are not applied with extra care. The performance of the workers installing pipe should be monitored for quality control.
It should also be pointed out that chlorination of acetone (dimethyl ketone) and methyl ethyl ketone to chloracetones (e.g. 1,1,1-trichloracetone), although not part of this study, are highly likely (e.g. Suffet et al., 1976; Gurol et al., 1983) .
Conclusions
PVC grey or white pipe alone should not cause odours in a distribution system; however, the primer and cement, alone and when applied to grey or white pipe can cause odour problems of the glue/varnish type at a high intensity and a sweet/phenolic odour at low intensity. The chemicals applied and reaction products formed during the bonding process appeared as a primary source of the odours produced in water. Reaction with chlorine seemed to add to the creation of odours that were observed.
